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S1. Referencing of DFT-calculated NMR parameters
where the experimental shift is accurately determined and the structure understood.
Though this approach can work well, in some cases uncertainties in the experimental measurements of the NMR parameters and in the structural models (and therefore calculated shielding values), and the limitations of the DFT approximation employed can lead to errors in the computed chemical shifts. If a material contains more than one crystallographically distinct species, an alternative approach is to consider only the relative shift/shielding differences between the peaks (i.e., determining a reference shielding from either one, or the average of several shift/shielding values within the selected reference material. A more robust approach, however, is to compare the experimental shift and calculated shielding for multiple materials. Although this approach alleviates the effect of any experimental errors or structural uncertainties, it cannot correct for any errors in the chosen exchange-correlation functional. Therefore, to mitigate any issues of chemical transferability it is preferable that the set of materials used to generate the computed chemical shifts should be as similar to the system of interest as possible. 
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S3. k-means clustering of AIRSS-generated hydrous wadsleyite structures
A k-means clustering approach was adopted for the selection of smaller subsets of AIRSS-generated structures for further study. Scripts were developed in Python 2.7, using the structural and statistical functionality of the Soprano library, 12 which extends the Atomic Simulation Environment (ASE) library 13 for the analysis for computed crystal structures. k-means clustering, a method of "unsupervised machine learning", involves the subdivision of a dataset into k groups, called "clusters", which are determined to be similar according to a normalized set of pre-defined parameters, known as "genes". In an iterative process, k data points are first chosen at random and neighboring data points become "members" of these clusters, thereafter the central data point of each cluster is set to that closest to the cluster mean and the cluster members refined according to their distances to the mean data point. In terms of a set of chemical structures, the end goal is to segregate this into k sets of like structures from which one representative structure can be used for further studies and, which due caution, the remaining cluster members can be discarded.
Semi-hydrous wadsleyite clustering
For clustering, genes were constructed based on: the relative enthalpy, ΔH, with respect to the lowest enthalpy structure in the series of semi-hydrous structures with a 
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The quality of clustering was assessed by plotting each cluster as a Gaussian function against values contained in that cluster according to a specific gene:
where x is a value of ΔH, OH
or O type of a given structure, µ is the mean of that quantity for all structures in the cluster to which that structure belongs and σ is the standard deviation of that value in the cluster. Equation S3.1 was used for ΔH and OH ! " !!! genes and S3.2 was used for the O-type gene, since a value of σ = 0 was possible and precluded visualization. In the case of the ΔH gene, the aim was to have narrow Gaussians at low ΔH and broad Gaussians at high ΔH (see Figure S3 .2a), since the low ΔH structures would be better candidates for study. A weighting was applied to the O-type gene, due to its discreet nature, such that each cluster contained structures with a single common O type. This is illustrated in Figure S3 .2c, where the Gaussians are generally narrow. Clusters were then used to inform the selection of structures. First, the structure with lowest ΔH was selected. Clusters were then pre-filtered based on a ΔH cut off, which was set at the ΔH value where the energy profile changed from a plateau to a rapidly increasing enthalpy (e.g., chosen as 1.4 eV for the Mg1-and Mg2-vacant series and 2.0 eV for the Mg3-vacant series; see Figure S3 .3, in which the Mg3-vacant series is used as an illustrative example). The robustness of the method for structure selection was tested by verifying the selected structures against the series of structures with a Mg3 vacancy studied in previous work, 11 where the aim was to manually select structures for their uniqueness. Indeed, it was seen that the fewest structures were selected where we had found structures to be identical (or very similar), normally forming plateaus in ΔH, and more structures were selected where more structural diversity was found, such as at higher energy. This method reduced the numbers of structures to 32, 7 and 49 structures with Mg1, Mg2 and Mg3
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vacancies, respectively. It should be noted that, owing to the statistical nature of this structure selection approach, the particular structures chosen, and the number of structures chosen, can vary between runs of the script. It is therefore advisable to run the script multiple times to assess the effect this has; i.e., whether different structures are selected, but are merely different examples of the same structure, or whether a different set of structures is found. In the latter case, selection parameters should be modified.
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Fully-hydrous wadsleyite clustering
Clustering scripts used to select structures from AIRSS-generated fully-hydrous wadsleyite series were based on those developed for semi-hydrous wadsleyite with the addition of a gene for intervacancy distance, which was weighted (as with O type, described above) to ensure each cluster contained a set of structures with a single intervacancy distance. Alterations were made to existing genes to allow the combination of two vacancies and four protons to be handled: the H⋯H distance and H⋯vacancy distance genes were modified to consider the average of the shortest distance for each H and for the OH 
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S4. Additional plots of structural and NMR parameters for semi-hydrous wadsleyite
The plots shown in Figure S4 .1 highlight the variation in 1 H δ iso and 2 H C Q with the hydroxyl bond distance for the 58 semi-hydrous wadsleyite structures with a ΔH < 1.0 eV. The plots shown in Figure S4 .2 highlight the variation in 1 H δ iso and 2 H C Q with the hydrogen-bond distance for all 88 semi-hydrous wadsleyite structures. Figure S4 .2a and S4.2b show there are reasonably well-defined regions of 1 H δ iso and 2 H C Q for Mg-OH and
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Si-OH environments. Figure S4 .2c and S4.2d show that the hydrogen-bond distance for the O2-H hydroxyl is noticeably larger than the hydrogen-bond distances for protons on either O3 or O4 sites. Figure S4 .2c and S4.2d also show that the hydrogen-bond distance, as well as the 1 H δ iso and 2 H C Q for protons on O3 or O4 sites are very similar and cover the same range, meaning no clear distinction between a protonated O3 or a protonated O4 site can be made based on the hydrogen-bond distances. 
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S5. The enthalpic stability of Si-vacant fully-hydrous wadsleyite
Fully-hydrous wadsleyite models with Si 4+ vacancies were produced by changing the AIRSS protocol such that four H atoms were added to a unit cell of β-Mg 2 SiO 4 with a single Si atom removed (producing 251 structures). This resulted in the enthalpy profile is shown in Figure S5 .1a, with the structures falling into two well-defined regions, where 
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In order to compare hydration mechanisms featuring Si vacancies against those with Mg vacancies, a balanced isodesmic reaction was set up interchanging these materials. The formula for a unit cell of wadsleyite structures with Si vacancies (I) is Table 2 
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S7. The Smyth fully-hydrous wadsleyite model
The enthalpic stability of the theoretical structural model of hydrous wadsleyite containing 3.3 wt% H 2 O put forward by Smyth, 12 in comparison to the AIRSS-generated structures presented here, was investigated. This model, which was generated using simple ionic constraints, consists of protonated O1 sites, with the hydroxyls aligning parallel to the c axis, charge balanced by the removal of Mg2 site cations, as shown in Figure S7 .1a. The geometry of this hydrous wadsleyite model was optimized prior to the prediction of the solid-state NMR parameters. From Figure S7 .1b, which shows the relative enthalpy of this structure, alongside the 199 k-means clustered AIRSS-generated structures, the Smyth model is enthalpically unstable, with a relative enthalpy of 2.45 eV, far higher than any of the cluster-selected structures with two Mg2 site vacancies. The highly unstable nature of this model, relative to the AIRSS-generated structures, could be due to the hydroxyl orientation, which hinders the formation of favourable hydrogen bonding arrangements. 
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S8. Additional NMR experiments
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S9. Experimental FTIR and simulated IR spectra of fully-hydrous wadsleyite
The hydrous wadsleyite sample used in NMR experiments herein and by Griffin et al. 10 was also studied using Fourier-transform infrared (FTIR) experiments, providing an opportunity to compare simulated FTIR frequencies and intensities from the set of AIRSSgenerated structures (i.e., G-J) used to rationalize the NMR data with experimental measurements. FTIR spectra were recorded using a Bruker Hyperion 2000 microscope and Tensor27 spectrometer. Spectra were recorded using unpolarized light from clumps of powder loosely supported on a TEM grid. A square aperture equal to the size of the grid was used to define the acquisition area. Each spectrum represents the average of a large number of randomly oriented an inhomogeneously distributed crystals. The sample environment was purged with dry air. Spectra have a resolution of 2 cm -1 and are the average of 64 scans. Computed structures were first reoptimized, relaxing all atomic positions and lattice parameters, in CASTEP 8, using norm-conserving pseudopotentials, using GEOM_ENERGY_TOL and ELEC_ENERGY_TOL values of 1 × 10 -9 eV per atom to achieve highly-converged forces on all atoms. Reoptimized structures were then subjected to phonon calculations using the finite displacement method, with a displaced phonon kpoint grid at 1 1 1. Simulated IR data were visualized using the dos.pl utility, with the application of 10 cm -1 Gaussian line-broadening. Figure S9 .1a shows an overlay of the resulting spectra, representing models of pure crystals of fully-hydrous β-Mg 2 SiO 4 at 3.3 wt% H 2 O with protonation motifs G-J. The blue line, arising from ground-state hydrous structure G, shows an intense feature at 3343 cm -1 which reproduces the most intense feature in the present experimental spectrum (see Figure S9 .1b) and in other experimental spectra of hydrous wadsleyite. Overlay of simulated IR spectra with intensities adjusted using proportions of structures G-J suggested from 1 H MAS NMR spectra and experimental FTIR spectrum of hydrous β-Mg 2 SiO 4 (~3 wt% H 2 O).
